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Abstract.

BACKGROUND: Consumption of flavonoids, natural compounds found in foods such as berries and cocoa, have been
shown to be beneficial for cognitive function. However, less is known about potential mechanisms and acute benefits for the
older population.

OBJECTIVE: To determine whether acute intake of flavonoid-rich blueberry could have beneficial effects on cognitive
function in a sample of healthy older adults and identify possible mechanisms.

METHODS: A cross-over randomised controlled trial (RCT) was conducted (N = 18) with volunteers receiving a flavonoid-
rich blueberry beverage (579mg of antho- and pro-cyanidins) on one visit and a sugar-matched control on another. Cognitive
function was measured at baseline, 2 and 5 hours post consumption of the intervention and blood pressure (BP), arterial
stiffness and plasma brain-derived neurotrophic factor (BDNF) concentration at baseline and an hour post-intervention.
RESULTS: Whilst there was no significant effect of the intervention on global cognitive function, performance was signif-
icantly different at 2 compared to 5 hours following the control beverage (p <0.05), with a decline in performance relative
to baseline at 2 hours, whereas cognitive function improved following the blueberry beverage at both post intervention time
points. There was also a trend towards the blueberry beverage attenuating the increase in systolic BP evident following the
control drink (p=0.08). Finally, there was a decrease in plasma concentration of BDNF post consumption of the control
drink which was attenuated following the blueberry beverage, although not significantly (p > 0.05).

CONCLUSIONS: A single dose of flavonoid-rich blueberry could have a potentially protective effect on cognitive function
in healthy older adults, possibly due to improved cerebrovascular function and positive interactions with cell signalling
pathways involved in cognitive processes.

Keywords: Blueberry plants, flavonoids, anthocyanins, healthy aging, cognition, cognitive function, vascular endothelium,
cerebrovascular circulation

1. Introduction

Maintaining cognitive health as we age is a
growing concern, with significant research effort
focussed on preventing cognitive decline and delay-
ing the onset of neurodegenerative diseases such
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as Alzheimer’s and Parkinson’s Disease. Diet and
lifestyle factors could play a significant role in
maintaining cognitive function with increasing age.
Recently, interest has increased in the role of
flavonoids, naturally occurring plant compounds,
which are found in most fruit and vegetables, as
there is a growing body of evidence suggesting
that supplementation with flavonoid-rich foods could
be beneficial for cognitive function [1-3] and may
potentially promote healthy cognitive ageing.

Acute supplementation with flavanol-rich cocoa
was found to be beneficial during tasks with high
cognitive demand [4]. In addition, consumption of
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flavanone-rich orange juice has been shown to be
beneficial following both acute [5] and chronic [6]
intake in healthy adults. Berries are also known to
be a rich source of flavonoids and recent research
by Nilsson et al. [7] in healthy adults found that
consumption of a mixed berry beverage for five
weeks resulted in improved working memory per-
formance, in addition to beneficial effects on various
cardiometabolic parameters, compared to a control
beverage. However, this was in combination with
fibre and therefore effects cannot be attributed to
flavonoids alone. Also, no baseline measure of cog-
nitive function was taken and it cannot be ascertained
whether performance increased as a result of the inter-
vention. Furthermore, evidence of acute effects of
berry-derived flavonoids on cognition comes from
recent research by Watson et al. suggesting that acute
supplementation with blackcurrant can lead to bene-
fits in terms of brain function which may be due to
inhibition of monoamine oxidase-B [8]. In addition,
an acute study with healthy younger adults found
evidence of improved cognitive function and mood
following consumption of purple grape juice, includ-
ing reduced reaction time on a composite measure of
attention and increased self-reported calmness [9].

Blueberries are one of the richest sources of antho-
cyanins in comparison with other berries [10] and
therefore have also been of interest with regards to
potential cognitive benefits. Acute intervention trials
in children have shown beneficial effects of blueberry
supplementation in terms of improved delayed word
recall performance (an aspect of episodic memory),
which is thought to be due to more efficient encod-
ing [11]. It has also been postulated that benefits are
more likely to occur for tasks requiring greater cog-
nitive demand (i.e. more challenging tasks requiring
greater cognitive resource) and that effects follow a
dose-response pattern [12].

Proposed mechanisms of action through which
flavonoids may have beneficial effects on cognitive
performance include protection against neuroinflam-
mation [13, 14], cerebrovascular effects leading to
improved cerebral blood flow or volume [15-18],
and their positive impact on cell signalling path-
ways promoting neurogenesis, synaptic plasticity and
expression of proteins involved with memory and
learning such as brain-derived neurotrophic factor
(BDNF) [19]. Recent evidence in support of the
latter comes from a study by Rendeiro et al. who
showed that healthy younger rats fed a blueberry
diet demonstrated improved spatial memory perfor-
mance which was thought to be due to the interaction

of flavonoids with the ERK-CREB-BDNF pathway
[20]. Notwithstanding the few studies which have
proposed alternative mechanisms such as modulation
of glucose regulation [21], effects on insulin resis-
tance [22] and inhibition of monoamine oxidase-B
[8], research investigating potential mechanisms of
action in vivo is lacking.

Despite the potential for flavonoid-rich foods to be
beneficial for cognitive health, human research into
the effects of flavonoid supplementation in an ageing
population, particularly with regard to anthocyanin-
rich foods such as blueberries, is limited. Cognitive
performance is known to decline over the lifespan
and therefore this population may benefit most from
early dietary intervention to delay impairment. As
such, it is critical to determine the nature of any
benefit from flavonoid supplementation in this pop-
ulation both acutely as well as chronically. Indeed,
Krikorian and colleagues found that in a group of
individuals with Mild Cognitive Impairment, supple-
mentation with Concord grape juice for 12 weeks
improved item acquisition on the California Verbal
Learning Test, a memory measure assessing verbal
learning and retention, compared to placebo. There
were also trends towards improved delayed verbal
recall and spatial memory [23].

In addition, following on from their previous study,
the same authors later reported that 12 weeks of daily
supplementation with wild blueberry juice (approxi-
mately 400-600mg anthocyanins depending on body
weight) resulted in improved performance on a ver-
bal paired associate learning task compared to the
placebo group when controlling for baseline perfor-
mance. There was also a positive effect on mood,
with a trend towards reduced depressive symptoms.
Furthermore, blueberry supplementation resulted in a
trend towards reduced glucose levels which suggests
that modulating glucose metabolism may be a mech-
anism through which blueberry-derived flavonoids
could be beneficial for cognitive function [21]. How-
ever, the sample was small (Blueberry group: N=09;
Placebo group: N =7) and the placebo was designed
to match a grape intervention and therefore was not
optimally matched to the blueberry beverage. The
absence of an adequate placebo makes it difficult to
draw conclusions as to the efficacy of the blueberry
intervention. Nevertheless, with the use of compara-
ble methodology, it was established that effects were
unlikely to be due to practice.

Although such earlier research was promising,
studies in this population determining the efficacy of a
single dose of an intervention which has been charac-
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Table 1

Demographic characteristics

M SD Range
Age,y 68.72 3.30 62-73
MMSE score (/30)* 28.41 1.42 26-30
BSI depression score (/24) ¢ 59 62 0-2
HADS anxiety score (/21) b 4.28 3.79 0-16
Education, y 14.89 3.71 10-24
Crystallised IQ - NART score (/50)* 40.00 7.08 28-49
Fluid IQ - Cattell’s percentile rank” 50.06 29.75 3-99
Systolic BP, mmHg 135.02 7.34 105.67-156.67
Diastolic BP, mmHg 78.55 3.38 58.00-94.00
BMI, kg/m? 25.89 4.46 21.12-35.08
Fruit consumption (portions per day) 2.53 1.47 1-6
Vegetable consumption (portions per day) 2.58 .90 1-5

¢ Data was missing for one volunteer, b Data for two volunteers was missing, ¢ data for three older adult
volunteers was acquired from an existing database. MMSE, Mini Mental State Examination; BSI, Brief
Symptom Inventory; HADS, Hospital Anxiety and Depression Scale; NART, National Adult Reading Test;

BMI, Body Mass Index.

terised with regards to flavonoid content, whilst also
aiming to establish potential mechanisms of action
in vivo, are currently lacking. The aim of the cur-
rent research was therefore to determine whether an
acute dose of flavonoid-rich blueberry in the form of
a beverage would lead to improved global cognitive
function in healthy older adults. Also, whether there
would be improvements in particular cognitive abili-
ties as measured by individual tasks, similar to those
found to be sensitive to chronic blueberry supple-
mentation in previous studies, for example, episodic
memory [24, 25], which is the ability to remember
experiences and specific events. Parameters related to
vascular health and plasma concentration of BDNF
were also measured in an attempt to identify poten-
tial mechanisms underlying any beneficial cognitive
effects.

2. Materials and methods
2.1. Participants

Eighteen fluent English speakers (10 women; 8
men) aged 60-75 years (mean+/- SD age: 68.7+/-
3.3 y), were recruited from the local area (Table 1).
Volunteers with a Mini Mental State Examination
(MMSE) score of <25, a depression index score
of > 11 on the Brief Symptom Inventory (BSI), both
assessed during screening, and those taking medi-
cation for hypertension were excluded. Based on an
alpha of 0.05, 80% power and a Cohen’s d effect
size of 0.8, a G*power [26] calculation determined

that a total sample size of 18 would be required'.
In addition, considering the cross-over design of the
study and that previous acute flavonoid intervention
trials of similar design have shown positive effects
on cognitive performance with a comparable number
or fewer subjects [27, 28], a sample size of 18 for
this trial was considered appropriate. All participants
completed both arms of the trial.

2.2. Interventions

The intervention beverages were comprised of
powdered sachets homogenised with 300mL of
semi-skimmed milk. Refrigerated fresh highbush
blueberries were washed, dried, blended, frozen,
freeze-dried and milled to create the blueberry pow-
der (approximately 30g per drink) which contained a
combined total of 579mg of antho- and pro-cyanidins
(508mg and 71mg respectively) determined using
HPLC (Table 2). The dosage was equivalent to
approximately 200g of fresh blueberries which is
achievable in the context of the habitual diet, as 160g
of blueberries is equivalent to two UK servings [29].
Also, the total dose of antho- and pro-cyanidins was
comparable to previous studies in the literature that
have shown acute effects of berry-derived flavonoids
on cognitive performance [8]. The control powder
was formulated to match the blueberry drink (Table 3)
for compounds that could potentially affect cognitive

I'This was based on two groups and three repeated measure-
ments as this appeared to be the most appropriate approach given
that G*Power does not facilitate convenient calculations for two
factor repeated measures designs.
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Table 2
Antho- and pro-cyanidin content of the control and blueberry
interventions
Control Blueberry
(per 19.9g (per 30.1g
of powder) of powder)
Anthocyanidins (mg)
Delphinidin 0 155.92
Cyanidin 0 24.98
Petunidin 0 86.09
Peonidin 0 3.91
Malvidin 0 236.89
Total (mg) 0 507.79
Epicatechin oligomers (mg)
Monomer 0 27.69
Dimer 0 18.36
Trimer — Decamer 0 24.98
Total (mg) 0 71.03
Combined total (mg) 0 578.82
Table 3

Nutrient composition of the control powder and typical composi-
tion of raw blueberry

Ingredient Quantity Quantity
per control  per 200g of
drink raw blueberry®
Energy (kcal) 75b 114
Energy (kJ) 319° 480
Protein (g) 0 1.48
Total lipid (fat) (g) 0 0.66
Total sugars(g): 19.92 19.92
Fructose (g) 9.94 9.94
Glucose (g) 9.76 9.76
Sucrose (g) 0.22 0.22
Lactose (g) 0 0
Maltose (g) 0 0
Galactose (g) 0 0
Starch (g) 0 0.06
Folate, total (pg) 0 12
Vitamin C, total ascorbic acid (mg) 19 194
Citric acid (added) (g) 1 0

“ Figures sourced from the USDA Nutrient database. ”Calculated
according to total sugar content.

function, namely sugars and vitamin C content. Taste
was also matched with the addition of 1g of citric
acid. Drinks were provided in an opaque cup com-
plete with lid and black straw to mask the appearance
of the contents so that the volunteers would remain
blinded for the duration of the study. The sachets of
powder for both the blueberry and the control inter-
vention were stored in a —20°C freezer and all drinks
were made fresh on the day of testing as required and
consumed immediately.

2.3. Design

A randomised, controlled, cross-over, interven-
tion trial was conducted, with two drink conditions
(blueberry beverage vs. control beverage) with global
cognitive function as the primary endpoint. Cognitive
performance was tested at baseline as well as at 2 and
5 hours post consumption of the intervention using
matched versions of each of the cognitive tasks within
the test battery which were comparable in terms of
task difficulty. Blood pressure, stiffness index and
a blood sample were taken at baseline and 60 min-
utes after the intervention to coincide with the known
peak plasma concentration of metabolites following
supplementation with anthocyanin-rich interventions
[30]. Cognitive practice effects were expected during
the course of the study, but drink order (whether blue-
berry or control drink was consumed on the first visit)
was counterbalanced across the sample and change
in performance following blueberry supplementation
was compared with that following the control bev-
erage so that any effects could be attributed to the
blueberry intervention rather than practice.

2.4. Procedure

Volunteers were invited to the Hugh Sinclair Unit
of Human Nutrition for a screening and familiari-
sation visit. They were asked to arrive fasted and
once preliminary eligibility had been checked and
informed consent procedures completed, measure-
ments of height, weight and BP were taken. This was
followed by a blood sample via venepuncture. Dur-
ing a light breakfast of toast and preserves with a
tea/coffee and water, the volunteers completed sev-
eral questionnaires. The BSI [31] was completed in
order to exclude volunteers who may be depressed.
Other questionnaires were issued to establish demo-
graphic, medical, and lifestyle information, as well
as habitual anxiety levels and physical capability.
The MMSE [32] was then administered as well as
the Cattell’s Culture Fair test of ‘g’ [33] and the
National Adult Reading Test [34] to assess fluid
and crystallised intelligence respectively. The tasks
measuring executive function were the most diffi-
cult within the cognitive test battery as they are
more reliant on complex cognitive processes and
therefore familiarisation with them prior to the visit
was required. This also helped to minimise prac-
tice effects. Study days were arranged and volunteers
were given standardised written instructions asking
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them to avoid alcohol and to adhere to a low polyphe-
nol diet for the 24 hours prior to each study day.
Specifically, they were asked not to consume foods
and beverages rich in polyphenols such as fruit,
vegetables, tea and cocoa. The breakfast and lunch
provided during the study days also complied with
the low-polyphenol diet and were the same for each
visit. This was to ensure a low-polyphenol baseline
for each study day and that the intervention was the
only source of flavonoids during the visit.

On each test day, volunteers arrived fasted for each
study day and adherence to the dietary restrictions
was checked. Blood pressure was measured and a
fasted blood sample taken via venepuncture. This
was followed by the digital volume pulse (DVP)
measurements. The volunteer was then given the stan-
dardised study breakfast of two reduced fat croissants
with Buxton water (approximately 316 kcal). Fol-
lowing this, the cognitive and mood test battery was
completed which took approximately an hour and a
half to administer. The intervention was then con-
sumed with the volunteer being asked to consume it
as quickly as possible. One hour post-consumption,
the BP measurements were repeated and a second
blood sample taken, followed by the DVP measure-
ments. The volunteer was then given a standardised
low-polyphenol lunch which was consumed within
20 minutes and consisted of a white bread sand-
wich with light soft cheese, a packet of Walker’s
lights ready salted crisps and Buxton mineral water
(approximately 429 kcal in total). The cognitive test
battery was then completed at two and five hours post
consumption of the intervention. The volunteer was
offered a snack which was in keeping with the low-
polyphenol diet (a reduced fat croissant) during the
one and a half hour break between the two final test-

ing sessions. See Fig. 1 for a schematic of the test day
timeline.

All procedures were in accordance with the guide-
lines of the 1975 Declaration of Helsinki and
approved by the University of Reading Research
Ethics Committee. This trial was registered at clini-
caltrials.gov, unique identifier: NCT01289860.

2.5. Measures

2.5.1. Primary endpoint: Cognitive function

The tasks comprising the battery were piloted to
determine appropriate sensitivity with parallel ver-
sions created that were equivalent in task difficulty.
The global cognitive function measure consisted
of the primary dependant variable from 14 tasks
assessing executive function and memory (Go-NoGo,
Stroop, Digit Switch, Continuous Performance Task,
Digit Symbol Substitution Test, Random Word
Generation, Three-Word Sets Task, N-back, Let-
ter memory, Location Task, immediate and delayed
recall and recognition, see Appendix 1 of the supple-
mentary material for task descriptions). Performance
on each individual cognitive task was also analysed to
determine any specific cognitive benefits as a result of
blueberry supplementation. Computerised tasks were
administered using E-prime (Psychology Software
Tools, Inc., Sharpsburg, PA, USA) and Visual Basic
6.0 (Microsoft) software.

2.5.2. Secondary endpoints: Vascular function
and blood sampling
2.5.2.1. Blood pressure
Three readings were taken using a standard-
ised automatic Sphygmomanometer (OMRON MX2

/ Baseline

1 hour post
intervention

5 hours post \

intervention

2 hours post
intervention

|Breakfast | | Intervention |

I '

BP v
Blood sample v
DVP v

KCognitive testing v

v v /

Fig. 1. Test day timeline. BP: Blood pressure; DVP: Digital Volume Pulse.
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automatic digital upper arms BP monitor, Milton
Keynes, United Kingdom) and the average calcu-
lated. Measurements were taken on the left arm whilst
the volunteer was resting in a seated position. Volun-
teers were asked to remain silent and not to cross their
legs whilst the measurement was being taken.

2.5.2.2. Stiffness index

This is an estimate of large artery stiffness derived
from a Digital Volume Pulse measurement (Micro
Medical UK Ltd.) which is a non-invasive proce-
dure. The volunteer sat in an upright position whilst a
sensor was clipped onto their left thumb. They were
asked to remain quiet, still and relaxed. Three suc-
cessive readings were taken in order to obtain an
average.

2.5.2.3. Plasma concentration of BDNF

Blood samples were taken via venepuncture by a
trained Phlebotomist and drawn into a tube contain-
ing Ethylenediaminetetraacetic acid (EDTA). This
was kept on ice until the sample could be pro-
cessed (15-30 minutes post collection). Processing
involved centrifuging the EDTA tube of whole blood
at 3000 r.p.m, 4°C for 10—15 minutes to separate the
plasma which was subsequently aliquoted into vials
each containing 500 mL and stored in a—20°C freezer
for future analysis.

A Quantikine® human mature BDNF enzyme-
linked immunosorbent assay (ELISA) kit (R&D
systems, Inc.) was used to determine BDNF levels
in plasma samples which were assayed in duplicate
and according to the instructions of the manufacturer.

2.6. Statistical procedures

A composite measure of global cognitive function
was calculated by converting the primary dependant
variable from each task into Z scores2, combining
these and dividing by the number of tasks contribut-
ing to the measure. Statistical analysis was then
performed on this composite measure of global cog-
nitive function®. SPSS version 21 (IBM, Armonk,

2 Where appropriate, data were reverse scored so that a higher
score indicted better performance. The grand mean and standard
deviation for each task across all conditions was calculated; the
grand mean was subtracted from each score and divided by the
standard deviation.

3 If a score for a particular task was missing for a session it
was replaced with the mean score for that session. Analysis was
also conducted with missing values and yielded comparable results
(Control: F(1,31) =4.09, p = 0.05).

NY, USA) was used to apply Linear Mixed Modelling
to the data, employing an unstructured covari-
ance matrix for repeated measurements. Intervention
(Blueberry, Control), Time (2 hours, 5 hours) and
Intervention * Time interaction were entered as fixed
factors in the model, Participant ID as a random effect
where possible (excluded if the validity of the results
was compromised), and baseline cognitive function
was included as a covariate. Bonferroni corrected
pairwise comparisons were examined regardless of
the significance of the overall F test statistic (see
Howell [35]). The data from the individual cogni-
tive tasks were analysed by applying the same Linear
Mixed Model to the primary dependant variable of
each task.

For all physiological parameters (BP, stiffness
index, plasma concentration of BDNF), change from
baseline analysis was used to compare between inter-
ventions using paired sample 7 tests.

3. Results

3.1. Cognitive performance

Whilst the overall Linear Mixed Model revealed
that intervention was not a significant predictor of
global cognitive performance (main effect: p=0.81;
interaction: p =0.18), pairwise comparisons revealed
significantly worse performance following the con-
trol drink at 2 compared to 5 hours post consumption
(mean=-0.06 vs 0.06 respectively; F(1,36)=4.60,
p=0.04), whereas there was no significant differ-
ence in cognitive performance at 2 compared to
5 hours post consumption of the blueberry bever-
age (mean =0.01 vs 0.02 respectively; F(1,36) =0.05,
p=0.82) (Fig. 2).

When cognitive tasks were analysed individually
(Tables 4 and 5), for the digit switch task, anal-
ysis revealed a trend towards reduced switch cost
following the blueberry (mean=395.76) compared
to the control (mean=479.48) drink at the 2 hour
timepoint (F(1,15.8)=3.89, p=0.066), despite the
overall intervention by time interaction failing to
reach significance (F(1,35)=0.518, p>0.05). For the
random word generation task, performance declined
over time (F(1,35)=4.29, p=0.046), whereas for
the three-word sets task, performance improved over
time (F(1,36)=17.54, p<0.01). However, there was
no significant effect of the intervention or a time by
intervention interaction for either of the tasks. For
the immediate word recognition task, performance
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Fig. 2. Mean change in global cognitive function (+SE) following
control and blueberry interventions in relation to baseline. There
was a significant decrease in performance in the control condition
at 2 hours compared to at 5 hours (* p <0.05).

was better following the blueberry compared with the
control intervention (mean=26.71 vs 25.81 respec-
tively; F(1,17.61)=4.29, p=0.05). Also, despite no
significant intervention by time interaction, pair-
wise comparisons reveal significantly more words
recognised following the blueberry compared to the
control drink at the 2 hour (mean=26.77 vs 25.48
respectively; F(1,16.30) =6.56, p =0.02) but not the 5
hour time point (mean =26.65 vs 26.15 respectively;
F(1,27.86)=0.60, p=0.44). Finally, despite an inter-
vention by time interaction bordering on significance
for the delayed word recognition task (F(1,34) =3.59,
p=0.067), none of the pairwise comparisons were
significant. There was no effect of the intervention
for any of the other cognitive tasks.

3.2. Vascular function and plasma concentration
of BDNF

As shown in Fig. 3, there was a trend towards
the blueberry beverage attenuating the increase in
systolic blood pressure evident following the con-
trol drink (mean change from baseline=2.28 vs
8.17 respectively; #(17)=1.87, p=0.08; BCa 95%
CI [-0.11, 12.28]). There was no statistically sig-
nificant effect of intervention on stiffness index
(#(13)=-0.67, p>0.05; BCa 95% CI [-4.54, 1.67]),
diastolic BP (#(17)=0.89, p>0.05; BCa 95% CI
[-1.03, 3.11]), or pulse rate (#(17)=0.12, p>0.05;
BCa 95% CI [-2.77, 2.70]). Also, despite a decline
in mean plasma concentration of BDNF following
the control beverage which appeared to be attenuated
following the blueberry beverage (mean change from

baseline =—46.54 vs —9.70 respectively), this differ-
ence was not significant (#(8)=-1.79, p>0.05; BCa
95% CI [-89.64, 5.261%).

4. Discussion

Consumption of a beverage containing approx-
imately 600mg of blueberry-derived flavonoids
elicited a protective effect on global cognitive func-
tion in a sample of healthy older adults, sustaining
cognitive performance across the day and protect-
ing against the decline evident following the control
beverage. These findings are in agreement with pre-
vious flavonoid intervention studies which have also
found positive effects on global cognitive function
in middle-aged and older adults [5, 6]. Furthermore,
the trend towards the blueberry intervention atten-
uating a rise in systolic BP observed following the
control intervention, suggests that the positive impact
of flavonoids on vascular health could be a potential
mechanism through which these natural compounds
have beneficial effects on cognitive performance.
Whilst the decrease in plasma concentration of BDNF
following the control drink was attenuated follow-
ing the blueberry drink, this was not significant and
more data is required to determine whether BDNF
and associated biochemical parameters may play a
mechanistic role in cognitive benefits evident follow-
ing consumption of flavonoid-rich interventions.

The analyses of the individual cognitive tasks sug-
gest that the overall cognitive benefit may be driven
by positive effects on episodic memory and executive
function, namely recognition memory (immediate
word recognition task) and switching ability (digit
switch task) respectively. The memory-related find-
ings are not only in agreement with acute memory
effects reported in children [11, 12] but also with
more recent studies on chronic supplementation such
as those of Whyte et al. [24] who reported improve-
ments on tests of episodic and spatial memory in older
adults following chronic supplementation with a pro-
prietary blueberry extract for 90 days. In addition,
Bensalem et al. [25] report similar beneficial effects
on episodic memory in terms of immediate free recall
performance in a cohort of older adults following
6 months of supplementation with a polyphenol-
rich grape and blueberry extract, although here the

4 Missing values imputed with mean of session as data was avail-
able for only a small sub-set of volunteers (N=9) and to exclude
cases with missing data would reduce this further. The result was
the same when data were not imputed with N=6 (#(5)=-1.28,
p>0.05; BCa 95% CI [-76.95, 9.64])
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Table 4
Data and results of the LMM analysis of executive function tasks; *p <0.05; **p <0.001

Cognitive task

Estimated mean Main effect of time Main effect of condition

Condition * time

(Standard error) interaction
F P F P F P
Go-NoGo
Correct RT 0.18 0.67 0.13 0.73 0.19 0.66
Control 2 Hours 627.52 (9.79)
5 Hours 627.61 (10.48)
Blueberry 2 Hours 627.53 (9.79)
5 Hours  620.49 (10.48)
Baseline covariate 618.64
Stroop
Correct RT 0.05 0.83 1.91 0.19 0.06 0.81
Control 2 Hours  854.82 (10.36)
5 Hours  855.04 (10.82)
Blueberry 2 Hours  869.37 (10.36)
5 Hours  866.74 (10.82)
Baseline covariate 870.75
Digit Switch
Switch Cost 0.93 0.34 241 0.15 0.52 0.48
Control 2 Hours  479.48 (30.76)
5 Hours  485.70 (39.35)
Blueberry 2 Hours  395.76 (31.63)
5 Hours  438.46 (40.47)
Baseline covariate 544.61
CPT
Commission Errors 1.21 0.28 0.001 0.97 0.66 0.42
Control 2 Hours 7.83(1.32)
5 Hours 6.72 (1.31)
Blueberry 2 Hours 7.34 (1.32)
5 Hours 7.17 (1.31)
Baseline covariate 8.50
DSST
Total Correct 0.09 0.76 0.004 0.95 0.82 0.37
Control 2 Hours 55.90 (0.86)
5 Hours 55.57 (1.05)
Blueberry 2 Hours 55.49 (0.86)
5 Hours 56.15 (1.05)
Baseline covariate 53.61
RWG
Total Correct 4.29 0.046* 0.39 0.55 0.06 0.81
Control 2 Hours 34.93 (1.44)
5 Hours 33.40 (1.33)
Blueberry 2 Hours 34.48 (1.41)
5 Hours 32.53 (1.31)
Baseline covariate 26.54
Three-Word Sets
Total Correct 17.54 <.001** 0.59 0.45 0.60 0.44
Control 2 Hours 2.82 (0.38)
5 Hours 4.59 (0.36)
Blueberry 2 Hours 2.80 (0.38)
5 Hours 4.02 (0.36)
Baseline covariate 4.08

(Continued)
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Table 4
(Continued)
Cognitive task Estimated mean ~ Main effect of time Main effect of condition Condition * time
(Standard error) interaction
F P F P F P
N-Back Percent correct 0.31 0.58 <0.001 0.998 0.01 0.93
Control 2 Hours  73.32 (4.49)
5 Hours 74.76 (4.42)
Blueberry 2 Hours  73.03 (4.49)
5 Hours  75.01 (4.42)
Baseline covariate 72.48
Letter Memory Total Correct 0.05 0.83 1.57 0.22 0.19 0.67
Control 2 Hours  5.63 (0.43)
5 Hours  5.79 (0.38)
Blueberry 2 Hours  5.10 (0.43)
5 Hours  5.04 (0.38)
Baseline covariate 4.67
Location task Adjusted correct 0.26 0.62 0.996 0.33 1.56 0.22
Control 2 Hours —5.00 (0.85)
5 Hours —4.39 (0.88)
Blueberry 2 Hours -3.11(0.85)
5 Hours —4.56 (0.88)
Baseline covariate -5.19
Table 5

Data and results of the LMM analysis of memory tasks; "p <0.07

Cognitive task Estimated mean Main effect of time Main effect of condition Condition * time
(Standard error) interaction
F P F p F P
Immediate recall
Total correct 0.32 0.57 0.28 0.61 1.76 0.19
Control 2 Hours 7.97 (0.47)
5 Hours 7.41 (0.46)
Blueberry 2 Hours 7.37 (0.47)
5 Hours 7.59 (0.46)
Baseline covariate 8.58
Delayed recall
Total correct 1.12 0.30 0.43 0.52 0.003 0.95
Control 2 Hours 5.52 (0.56)
5 Hours 5.92 (0.68)
Blueberry 2 Hours 5.07 (0.56)
5 Hours 5.51 (0.66)
Baseline covariate 7.65

Immediate recognition

Total correct 0.49 0.49 4.29 0.05" 1.00 0.32
Control 2 Hours  25.48 (0.51)
5Hours  26.15(0.59)
Blueberry 2 Hours  26.77 (0.52)
5 Hours  26.65 (0.60)
Baseline covariate 26.80

Delayed recognition

Total correct 0.20 0.66 0.03 0.86 3.59 0.067"
Control 2 Hours  22.00 (0.85)
5 Hours  22.89 (1.01)
Blueberry 2 Hours  22.94 (0.90)

5Hours  21.51(1.07)
Baseline covariate 24.12
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Fig. 3. Change in systolic blood pressure following control and
blueberry interventions in relation to baseline.

greatest memory benefits were evident in the most
cognitively impaired subjects.

Despite increasing evidence to suggest that cogni-
tive benefits in older adults following acute flavonoid
supplementation are more likely to be in the form of
improvements to memory [1], the positive effects of a
blueberry beverage on a test of executive ability in the
current study supports research such as that of Miller
et al. [36], who report that older adults improved on
measures of executive function following blueberry
supplementation compared to those in the placebo
group. However, this was after chronic intake over
a similar time frame to the study by Whyte et al.
[24]. Taken together, this suggests that in addition
to the benefits to episodic memory evident following
flavonoid supplementation, it is also possible to see
improvement in other cognitive domains.

Whilst there was no significant effect of the
intervention for the other cognitive tasks in the
test battery, studies such as that of Boespflug et
al. [37] have demonstrated physiological effects of
flavonoids on the brain in older adults with mild
cognitive impairment, in the absence of a behavioural
effect for a specific cognitive task, which could
explain the non-significant behavioural findings for
some of the tasks in the current study. In addition,
Igwe et al. [38] supplemented younger and older
adults with anthocyanin-rich plum juice and found
benefits to vascular parameters such as reduced
blood pressure, but no cognitive effects. Therefore,
compared to physiological effects, behavioural ben-
efits to cognitive performance following flavonoid
supplementation may be more subtle and difficult
to detect. As such, it is essential that future research
efforts should continue to optimise the sensitivity of
cognitive measures.

Also worth discussion is the finding that perfor-
mance was greater at the 5 hour time point compared
to at 2 hours following the control intervention. It
would be reasonable to hypothesise that performance
would likely decline over the duration of the visit due
to fatigue and as such to expect worse rather than bet-
ter performance at the 5 hour timepoint. However, the
long break between the two post drink testing periods
could account for why performance was not worse at
the five hour timepoint following both interventions.
Furthermore, the effect of practice should also be con-
sidered. However, there was no significant main effect
of time for global cognitive function; it was not the
case that performance at 5 hours post consumption
was significantly greater than at 2 hours regardless of
intervention. This is reflected in the fact that even
though performance was better 5 hours post con-
sumption of the blueberry intervention compared to
at the 2 hour timepoint, this difference was not signif-
icant. It is therefore unlikely that better performance
at the 5 hour timepoint following the control drink
is due to practice alone. An alternative explanation is
that performance at the 2 hour timepoint is affected by
the ‘post lunch dip’ and that the blueberry beverage
protects against the decline in cognitive performance
that can be evident following a meal [39].

For both interventions, cognitive performance was
best at 5 hours post consumption of the drinks and
whilst this appeared to be greater following the con-
trol compared to the blueberry drink, this difference
was not significant. Also, whilst practice may have
contributed to greater improvement in cognitive func-
tion at the 5 hour timepoint, as mentioned previously,
there was no significant main effect of time and other
possible explanations should be considered. Sev-
eral flavonoid intervention studies have demonstrated
improved cognitive performance at around 6 hours
post consumption (see Bell et al. [1]) which could
be due to delayed release of metabolites and catabo-
lites following extensive digestion and metabolism
of flavonoids in the gut [40]. It is likely to be these
metabolites which are responsible for health bene-
fits [41] such as improved vascular function where
increases in FMD response have been demonstrated
six hours post consumption of blueberry [30], and
could include cognitive effects. However, in the
present study, performance was not significantly bet-
ter following the blueberry compared to the control
drink at either post drink timepoint. One possible
explanation is that with increasing age, the number of
beneficial microorganisms in the colon decrease [42],
which is likely to include those involved in flavonoid
metabolism, and could potentially explain any delay
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in absorption in the current study considering the pop-
ulation tested. Furthermore, the intervention powders
were suspended in milk and whilst some research
such as that of Draijer et al. [43] suggests that dairy
proteins do not affect the bioavailability of polyphe-
nols, there is also evidence to the contrary, with a
study by Xiao et al. [44] reporting that consuming
milk with anthocyanins can affect their absorption.
Overall, this suggests that the 5 hour post drink
timepoint in the current study could have been too
early to capture the maximum cognitive benefit that
may otherwise have been evident following the acute
anthocyanin-rich blueberry intervention.

The blueberry beverage was also found to attenu-
ate the increase in systolic blood pressure which was
evident following consumption of the control drink,
although this was not statistically significant. In addi-
tion, diastolic blood pressure decreased following
the blueberry drink but this was not significantly
greater than the reduction seen post consumption
of the control drink. Comparable vascular effects
following flavonoid supplementation in older adults
have been documented elsewhere, with Whyte et al.
[24] recently reporting systolic blood pressure low-
ering effects of a wild blueberry extract compared to
placebo at both 3 and 6 months of daily supplementa-
tion. In addition, Baronaetal. [45] also reportreduced
systolic but not diastolic BP following 30 day supple-
mentation with grape polyphenols in individuals with
metabolic syndrome. Blood pressure lowering effects
have also been found following blueberry supplemen-
tation for 8 weeks in post menopausal women with
pre- or stage-1 hypertension [46] as well as in individ-
uals with metabolic syndrome [47]. Taken together,
these findings support those of the current trial and
berry-derived flavonoids may have beneficial effects
on blood pressure in both healthy and at-risk popula-
tions.

Acute effects of flavonoids on blood pressure have
also been investigated. In a study by Kent et al. [48], a
single 300 mL dose of anthocyanin-rich cherry juice
has been shown to lower blood pressure 2 hours
post consumption, which could explain why there
was a trend rather than a significant effect in the
current study, as the timepoint at which the BP mea-
sures were taken may have been too early to capture
the optimum benefit. Also, whilst the cause of the
increase in systolic blood pressure following the con-
trol intervention in the current study is unclear, it
could be related to anxiety experienced in anticipation
of repeated measurements which was attenuated fol-
lowing the blueberry intervention. Anxiolytic effects
have been observed following flavonoid supplemen-

tation in rats [49] and humans [50], suggesting that
such indirect effects should be considered in addition
to any mechanistic vascular rationale behind blood
pressure lowering effects of berries.

Supporting healthy vascular function is likely to
translate to cerebrovascular benefits and improving
cerebral blood flow has been proposed as a potential
explanation for the beneficial effects of flavonoids
on cognitive function [19]. Several human interven-
tion studies have reported increases in cerebral blood
flow or volume following acute cocoa flavanol sup-
plementation in both younger and older adults [16,
17-51], whilst Bowtell et al. [15] found increased per-
fusion and activation in brain regions associated with
cognitive function following 12 weeks of blueberry
supplementation in healthy older adults. However, a
limitation of the current study is that cerebral blood
flow was not directly measured and therefore asser-
tions that this could be a potential explanation for
the protective effects of the blueberry beverage on
cognitive performance should be made with caution.
Further research into the effects of flavonoid supple-
mentation on cognitive function, endothelial function
and cerebral blood flow is therefore required to test
this theory.

Brain-derived neurotrophic factor is a neu-
rotrophin which is involved in activity-dependent
synaptic plasticity and plays an important role
in learning and memory [52]. Flavonoid-induced
increases in circulating BDNF is therefore another
potential mechanism of action and in the present
study the blueberry beverage appeared to attenuate
the decline in plasma concentration seen following
consumption of the control beverage, albeit not sig-
nificantly. BDNF concentration can reduce during
the day in men [53] which could be a contribut-
ing factor to the reduction in concentration seen
post consumption of the control beverage. Seeing
as this protein is associated with memory and learn-
ing, the relative maintenance of plasma concentration
of BDNF following the blueberry beverage is there-
fore a physiological benefit. Favourable effects have
also been reported elsewhere, with studies in rodents
demonstrating flavonoid induced increases in BDNF
in the hippocampus, an area of the brain associated
with memory processes, following blueberry sup-
plementation [20—54]. Furthermore, a recent human
intervention study reported increased serum levels of
BDNF following flavonoid supplementation which
were correlated with improved global cognitive func-
tion [55].

Whilst the results are promising, there were no
significant effects on stiffness index, diastolic blood
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pressure or pulse rate. Stiffness index may be more
likely to change following chronic flavonoid inter-
vention and a more sensitive measure of vascular
reactivity such as FMD (flow mediated dilatation)
may be more appropriate for acute supplementa-
tion. Indeed, Rodriguez-Mateos et al. have shown
that acute supplementation with blueberry [30] and
cranberry-derived flavonoids [56] in healthy men
resulted in increased FMD response which was
associated with plasma concentration of flavonoid
metabolites. Also, Whyte et al. [24] have recently
reported an isolated effect of a blueberry intervention
on systolic blood pressure and no effect on any other
vascular measures in older adults. The reason for this
is currently unclear but may be related to the impact
of flavonoids on cell signalling pathways associated
with specific vascular outcomes. Benefits to periph-
eral vascular health are important as this could result
in increased cerebral blood flow, for example through
improved vascular reactivity, which has implications
for brain and cognitive function [57].

A further limitation of the current research is the
small sample size, as well as large inter-individual
variability in the data. A lack of statistical power may
therefore partly explain the non-significant results
if the effects were too subtle to be detected in
such a relatively small and heterogenous sample.
Finally, the lack of bioavailability data means it is
not possible to directly associate flavonoid intake
with the benefits to cognitive function, blood pressure
and plasma concentration of BDNF reported herein.
However, it is noteworthy that the protective effect of
the blueberry intervention on cognitive performance
was at the 2 hour time point, which is compatible
with research that has reported circulating flavonoid
metabolites at 1-2 hours post consumption of a blue-
berry intervention [30], as behavioural effects could
be delayed. Considering that cognitive function was
not measured an hour post consumption of the inter-
vention, it is unclear whether maximal cognitive
benefit may have been missed. Despite the limita-
tions of this study, the data are promising and merit
further research.

In conclusion, consumption of flavonoid-rich blue-
berries could be beneficial in terms of maintaining
cognitive function in a healthy older adult popu-
lation. Benefits could be due to the interaction of
berry-derived flavonoids with cell signalling path-
ways associated with cognitive performance and
helping to maintain healthy cerebrovascular func-
tion. Initial evidence from human intervention trials
of flavonoid supplementation in this population

[6-36-58] as well as individuals with mild cogni-
tive impairment [22, 23-37] is promising. However,
further research combining the latest brain imaging
techniques with biomarkers of cognitive and vascu-
lar function, bioavailability of flavonoid metabolites
and behavioural testing, would be valuable in improv-
ing our understanding of the possible mechanisms
through which flavonoid-rich foods may have the
potential to promote healthy cognitive ageing by
slowing age-related cognitive decline and the onset
of neurodegenerative disease.
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